Therefore, there is great interest in developing a simple, sensitive, and accurate analytical method for measuring 2,4,6-TCP. A variety of methods for determining such chlorophenols have been available: by gas chromatography, 5, 6 liquid chromatography, [7] [8] [9] [10] GC-MS, 11, 12 LC-MS, 13 capillary electrophoresis, 14 and enzyme immunoassay. 10, 15 These methods, however, involve some complicated and time consuming procedures and require expensive instruments. They are also not suitable for rapid monitoring.
Therefore, it is of great importance to develop new sensors which respond selectively to such toxic chlorophenols, in the field of environmental and food analysis. A few research groups have developed a microbial biosensor 16 based on Escherichia coil or Pseudomonas fluorescens and a nonbiological sensor 17 based on the fluorescence spectral change of dansyl-tosyl modified cyclodextrin upon the addition of 2,4,6-TCP as a guest molecule. However, the drawbacks of such sensors were lack of selectivity and sensitivity for the detection of 2,4,6-TCP at the low concentration levels. In contrast, preparations of electrode-based biosensors are typically simple, low in cost, and fairly high in sensitivity. The use of phenoloxidizing enzymes in biosensor construction was one interesting approach to achieve selective and sensitive measurement for chlorophenols. Most of the enzyme-based biosensors for phenolic compounds are based on the use of tyrosinase, 18, 19 horseradish peroxidase, 20, 21 and occasionally laccase. 22 These enzymes have been studied for the biocatalytic oxidation of chlorophenols. However, it has been reported that tyrosinase or laccase-based biosensors are only capable of measuring phenol, catechol, catecholamines, 4-chlorophenol, 2-amino-4-chlorophenol, and 2,4-dichlorophenol. [23] [24] [25] [26] [27] Furthermore, horseradish peroxidase-based biosensor responds to some phenolic compounds producing an intermediate phenoxy radical, but its use is limited because of the necessary addition of hydrogen peroxide that leads to an enzyme inhibition effect. 20, 28 In addition, these biosensors reported previously have not been reported as a biosensor for 2,4,6-TCP.
In our preliminary experiments, we found out that laccase can oxidize 2,4,6-TCP to a quinoid product. In this research, therefore, we examined in some detail the reaction selectivity of the laccase-based biosensor for a variety of chlorophenols and some related compounds. Furthermore, we describe a flow injection biosensor system for the highly sensitive and selective detection of 2,4,6-TCP, which is most acutely toxic as a carcinogen. The system is based on the preoxidation by ceric sulfate to the corresponding benzoquinone that can be detected amperometrically at a low potential (< -0.1 V vs. Ag/AgCl). Sensor response involves amplification based on the bioelectrocatalytic cycle occurring at the interface of the laccase membrane and the electrode. Such amplifications were often useful in trace analysis because of high sensitivity and selectivity, as elucidated previously for hydroquinone 22 and flavin mononucleotide. 29 As a result, our laccase-based biosensor responded selectively and sensitively 2,4,6-TCP at a nM level in a flow injection system. A flow injection biosensor system was proposed for the highly sensitive detection of 2,4,6-trichlorophenol (2,4,6-TCP). The system is based on the preoxidation by ceric sulfate to the corresponding benzoquinone (2,6-dichloro-1,4-benzoquinone: 2,6-DC-1,4-BQ), which was characterized using cyclic voltammetry, hydrodynamic voltammetry, and UV-vis spectrophotometry. The laccase-based biosensor used in this analytical system responded sensitively to 2,4,6-TCP after the preoxidation by ceric sulfate. The response could be based on the bioelectrocatalytic recycling of oxidation product (2,6-DC-1,4-BQ) between laccase membrane and the electrode, because the oxidation product (2,6-DC-1,4-BQ) of 2,4,6-TCP was an electrochemically reversible redox species. The signal current was linearly related to the 2,4,6-TCP concentrations in a dynamic range of 2 nM -2 µM; the slope and the y-intercept of the straight line were 1150 nA µM All other reagent grade chemicals were purchased from Wako. They were used as received. Phosphate buffers were prepared from sodium dihydrogenphosphate. Distilled water purified using a Millipore Milli-Q system (Nippon Millipore) was used throughout.
Preparation of laccase-based biosensor
A glassy carbon (GC) disk electrode (5 mm in diameter) and an Eicom thin-layer electrochemical flow-cell were used for the surface modification of the electrode. The flow-cell assembly consisted of a GC disk (about 144 mm 2 in area) as a working electrode, a silver-silver chloride reference electrode and a stainless-steel tube as an auxiliary electrode. Prior to enzyme coating, the GC disk of each electrode was polished with 1 µm diamond particles (BAS) and then 0.05 µm alumina particles (BAS), then rinsed with distilled water, and allowed to air-dry. The GC disks were then modified by crosslinking enzyme and gelatin using glutaraldehyde. The method was similar to that described previously 30, 31 and was as follows. Laccase (42 U) as an enzyme and 10 µl of 5% (w/v) aqueous gelatin were added to 50 µl of 10 mM sodium phosphate buffer (pH 7.0). A 10 µl aliquot of the resulting solution was spread over the GC disks of both electrodes and then they were exposed to glutaraldehyde vapor for 5 h in a desiccator. The excess enzymes and residual aldehyde groups onto the enzyme membrane were removed by treating with glycine buffer (0.1 M, pH 7.5) for 12 h.
Apparatus
Cyclic voltammetric experiments were performed with a Fuso electrochemical system Model 312 connected to an XY recorder. All measurements were carried out in a threeelectrode system with a GC electrode (5 mm in diameter) or a laccase-based biosensor, an Ag/AgCl/KCl reference electrode, and a platinum wire auxiliary electrode. The measuring cell containing 5 ml of a supporting electrolyte solution was thermostated at 25 ± 0.2˚C.
The FIA system consisted of an Eicom GASTORR, a doubleplunger pump (Eicom), an injector (Rheodyne 7735), an electrochemical detector (Eicom ECD-300) equipped with a potentiostat and a thin-layer flow-cell with an enzyme modified GC disk, and an SIC Chromatocorder. The flow-cell was connected to the outlet of the injector with a 100 cm length of PTFE coil (0.5 mm i.d.). A constant potential (-0.15 V vs. Ag/AgCl) was applied to the laccase-based biosensor and the current was recorded. The 0.1 M sodium phosphate buffer (pH 4.5) was pumped as a working carrier solution, at a constant flow rate of 0.3 ml min -1 . Sample solutions (20 µl) were injected with a microsyringe.
Spectrophotometric measurements were made with a Shimadzu UV-240 spectrophotometer.
Highly sensitive detection of 2,4,6-TCP based on the oxidation using ceric sulfate
An 800 µl portion of 0.1 M ceric sulfate solution (1N H2SO4) and a 400 µl portion of 2,4,6-TCP solution were added to 8.8 ml of distilled water. After stirring for 5 min, 5 ml of 0.5 M sodium phosphate buffer (pH 6.5) was added to adjust the pH to 4.5 and precipitate excess Ce 4+ and produced Ce 3+
. After centrifuging, the resulting solution (20 µl) was injected into the flow-injection biosensor system.
Results and Discussion

Cyclic voltammograms of 2,4,6-TCP and chlorophenols
Cyclic voltammograms (CVs) of some chlorophenols were recorded at both the bare GC electrode and the laccase-based biosensor in a pH 4.5 sodium phosphate buffer; these are shown in Fig. 1 each gave a single anodic-wave at nearly the same potential, but the anodic current markedly decreased at the second sweep of potential toward the positive potential. This means that an electropolymerization film is formed at the electrode surface during the electrooxidation as elucidated previously for phenol 32 and 1,2-diaminobenzene. 33 At the laccase-based biosensor, 2,4,6-TCP gave a welldefined cathodic-wave at the potential of around 0.05 V. The cathodic current was larger than the anodic current obtained at the bare GC electrode and no anodic wave was observed. This means that the biocatalytic and electrochemical steps are partially coupled in the laccase-based biosensor to enhance the sensor sensitivity. However, 2-CP and 2,4-DCP each gave a small cathodic-wave compared to that of 2,4,6-TCP, while 3-CP, 3,5-DCP, and 2,3,5-TCP did not give any cathodic waves at all.
Amperometric detection of 2,4,6-TCP and related phenolic compounds in a flow-injection biosensor system
A laccase-based biosensor was used as an amperometric detector in a flow-injection system described in the Experimental section. From a hydrodynamic voltammogram of 2,4,6-TCP, -0.15 V vs. Ag/AgCl was chosen as an optimum applied potential in the amperometric detection of 2,4,6-TCP to obtain a high sensitivity and to avoid the electroreduction of oxygen. Sodium phosphate buffers (0.1 M) at various pH values were tested as the carrier solution. Maximum response to 2,4,6-TCP was observed at pH 4.5; at lower or higher pH values the current gradually decreased. Also, the carrier flowrate is related to the residence time of the sample zone onto the laccase-based biosensor. However, the signal current was almost independent of the carrier flow-rate over the range of 0.1 to 0.6 ml min -1 . From these experimental results, 0.1 M sodium phosphate buffers (pH 4.5) were selected as an optimum carrier and pumped at a flow rate of 0.3 ml min -1 . The biosensor was then poised at -0.15 V vs. Ag/AgCl.
Under these optimum flow conditions, the sensitivity for a variety of toxic phenolic compounds was evaluated from the peak currents obtained by 20 µl injections of 0.05 mM chlorophenols. The results are shown in Table 1 . The laccasebased biosensor gave a relatively large signal for the ortho or/and para substituted phenols such as 2-CP, 2,4-DCP, 2,6-DCP, bisphenol A, and in particular 2,4,6-TCP, while it gave no signal for the meta-substituted chlorophenols such as 3-CP, 3,5-DCP, and 2,3,5-DCP.
Laccase is single chain blue copper protein, but less is known about its mechanisms of laccase reaction. The oxidation mechanisms of chlorophenols catalyzed by laccase may be those shown in Fig. 2 , suggested by considering the presence of unstable intermediates. It can be assumed from experimental results that the phenoxy radical produced by the first step of laccase catalyzed reaction undergoes two competitive reactions which are based on the further oxidation to phenoxonium cation and the coupling of radicals to produce the polymer. Due to the electron-donating resonance property of chlorine, the presence of chlorine in the ortho-or/and para-position increases the stability of phenoxonium cation by its resonance effect and leads to production of benzoquinones (para or/and ortho) rather than that of polymers. This effect was particularly great for 2,4,6-TCP. In contrast, chlorine in the meta-position leads to lower benzoquinone yields and higher polymer yields, because it does not stabilize the phenoxonium cation. The produced benzoquinones (para or ortho) are reduced to the corresponding hydroquinones at the electrode surface; at a suitable potential, they are oxidized back to the benzoquinone form by the laccasecatalyzed reaction. As a result, an amplification of the current is obtained by such a substrate recycling reaction occurring between the enzyme and the electrode.
However, when 2,4,6-TCP solution was repeatedly injected into the flow injection biosensor system under the recommended flow-conditions, it gave broad peaks with tailing as shown in Fig. 3A and so the reproducibility of the signal currents was fairly poor (4.9% r.s.d for the repeated injections (n = 7) of 10 µM 2,4,6-TCP solution). This is considered to be due to the slow laccase-catalyzed reaction of 2,4,6-TCP to benzoquinones, because laccase generally works as benzenediol: oxygen oxidoreductase and does not work as monophenol: oxygen oxidoreductase.
Application to highly sensitive detection of 2,4,6-TCP Preoxidation of 2,4,6-TCP using ceric sulfate. Oxidation of chlorophenols was carried out using ceric sulfate, according to the procedures described in the Experimental section. After centrifuging, the resulting solutions were characterized by both the cyclic voltammetry and UV/vis spectrophotometry. As shown in Fig. 4 , the CV of the oxidation product of 2,4,6-TCP obtained after the reaction with ceric sulfate was reversible in contrast to the irreversible wave of 2,4,6-TCP without the preoxidation. In addition, at the laccase-based biosensor it gave a pronouncedly larger cathodic-wave in contrast to that obtained without oxidation with ceric sulfate. This means that the biocatalytic and electrochemical steps are perfectly coupled to enhance the sensor sensitivity. The CV of 2,4,6-TCP obtained after the oxidation with ceric sulfate was also identical to that of standard 2,6-DC-1,4-BQ at both the bare GC electrode and the laccase-based biosensor. This fact was also confirmed by both the following UV/vis spectrophotometry and hydrodynamic voltammetry. As shown in Fig. 5 , the spectrum of 2,4,6-TCP gave a intense peak at 202 nm and a weak broad peak at 285 -295 nm; after oxidation with ceric ion, however, both peaks disappeared and a new peak appeared at 273 nm. The shape and wavelength of this new peak were characteristic of spectra of chlorinated quinones. In addition, its peak was identical to that of standard 2,6-DC-1,4-BQ. Also, the hydrodynamic voltammogram of oxidation product of 2,4,6-TCP coincided with that of 2,6-DC-1,4-BQ (Fig. 6 ). Furthermore, a recovery experiment for the conversion of 2,4,6-TCP to 2,6-DC-1,4-BQ was carried out by comparing the signal currents for the product solution of 2,4,6-TCP and that for a standard 2,6-DC-1,4-BQ over the concentration range of 2 × 10 -7 -1 × 10 -6 M, in the flow injection biosensor system. The results showed recoveries of between 95 -98%. From these experimental results, it was apparent that 2,4,6-TCP could be quantitatively oxidized to 2,6-DC-1,4-BQ according to the oxidation procedures described in the Experimental section. Selectivity, precision, and sensitivity. Figure 3B shows FIA signals of 2,4,6-TCP obtained after the oxidation with ceric sulfate.
The signal currents became pronouncely larger compared to those without oxidation and the peak-shaped signals without tailing were repeatedly obtained.
The calibration graphs for 2,4,6-TCP were run using standard solutions of 2,4,6-TCP over the concentration range between 1 × 10 -9 and 1 × 10 -5 M with and without preoxidation procedure using ceric sulfate. The solutions were injected in duplicate into the optimized flow-injection biosensor system. Figure 7 shows log-log typical calibration graphs for 2,4,6-TCP with and without preoxidation. The calibration graph for 2,4,6-TCP without preoxidation was non-linear; especially at lower concentration, the response current was extremely small, presumably because of lower benzoquinone yields. After preoxidation, however, the signal currents for 2,4,6-TCP greatly increased over the entire range of concentrations based on the effective bielectrocatalytic recycling of the oxidation product. The range of linearity was evaluated by taking as a linearity criterion that the linear correlation coefficient was not lower than 0.9985. According to this, the strict linear relation was observed over a wide concentration range of 2 nM -2 µM. The slope and the y-intercept of the straight line were 1150 nA µM -1 and 0.88 nA, respectively. The detection limit was 1.2 nM (S/N = 3) for a 20 µl injection. The relative standard deviations for seven replicate injections were 1.2 and 3.6% for 100 nM and 5 nM 2,4,6-TCP, respectively. Furthermore, the selectivity for the 2,4,6-TCP detection was much improved by combining the preoxidation procedure using ceric sulfate; other chlorophenols, phenol, and bisphenol A, except for 2,4-DCP, gave extremely small signals (< 0.5%) compared to that of 2,4,6-TCP. The only interferent was 2,4-DCP which responded about 12% of that to 2,4,6-TCP.
The stability of the laccase-based biosensor was evaluated by repeatitive use to confirm its stability (20 samples per hour); even after uses for 15, 30 and 60 days, the biosensor gave over 98, 86 and 66% of the original signal for 2,4,6-TCP, respectively. After 90 days, however, the sensor activity diasppeared completely when it was stored at 4˚C in the carrier buffer used for the measurement when not in use.
In conclusion, combining of the preoxidation using ceric sulfate and the flow injection system with the laccase-based biosensor enabled the rapid, selective, and highly sensitive detection of 2,4,6-trichlorophenol. The process was based on the bioelectrocatalytic recycling of oxidation product (probably 2,6-DC-1,4-BQ) occuring effectively at the laccase membrane/GC electrode interface of the biosensor. The proposed biosensing method will be useful for the trace analysis of 2,4,6-TCP in the fields of environmental and food analyses. Details of these will also be reported subsequently.
